In this study the time course of homing and the body distribution of systemically delivered bone marrow mesenchymal stem cells (BM-MSCs) after myocardial infarction (MI) were evaluated. BM-MSCs were isolated from Wistar rats, expanded in vitro, and their phenotypical characterization was performed by flow cytometer. Rats were randomly divided into three groups: control, sham MI, and MI. BM-MSCs (5 × 10 6 ) were labeled with 99m Tc-HMPAO and injected through the tail vein 7 days after MI. Gamma camera imaging was performed at 5, 15, 30, and 60 min after cell inoculation. Due to the 99m Tc short half-life, cell migration and location were also evaluated in heart sections using DAPI-labeled cells 7 days after transplantation. Phenotypical characterization showed that BM-MSCs were CD90 + , CD73 + , CD54 + , and CD45 − . Five minutes after 99m Tc-HMPAO-labeled cell injection, they were detected in various tissues. The cells migrated mainly to the lungs (approximately 70%) and, in small amounts, to the heart, kidneys, spleen, and bladder. The number of cells in the heart and lungs decreased after 60 min. MI markedly increased the amount of cells in the heart, but not in the lungs, during the period of observation (4.55 ± 0.32 vs. 6.34 ± 0.67% of uptake in infarcted hearts). No significant differences were observed between control and sham groups. Additionally, 7 days after DAPI-labeled cells injection, they were still detected in the heart but only in infarcted areas. These results suggest that the migration of systemically delivered BM-MSCs to the heart is time dependent and MI specifically increases BM-MSCs homing to injured hearts. However, the systemic delivery is limited by cell entrapment in the lungs.
INTRODUCTION
stem cells (BM-MSCs) that can differentiate into different cellular types (5, 14, 27) . Many reports have shown that cellular therapy using Mesenchymal stem cells (MSCs) have been isolated from multiple adult tissue sources, such as cord blood, BM-MSCs is able to improve cardiac function after myocardial ischemia in different species, including hu-placenta, adipose and dermal tissues, synovial fluid, deciduous teeth, and amniotic fluid (19) . This broad distri-mans (2, 30) . However, the mechanisms by which BM-MSCs induce their beneficial effects in the heart are still bution of sources combined with their ability to differentiate into multiple mesenchymal phenotypes, such as controversial. Thus, it has been proposed that BM-MSCs can differentiate into both vascular endothelial cells and bone, cartilage, tendon, and adipose tissue, has led them to be referred as potential therapeutic candidates for sev-cardiomyocytes, activate local factors, fuse with resident cells, or even a combination of these mechanisms that eral diseases and degenerative processes, including myocardial infarction (MI) (18, 37) . In addition to these ultimately lead to a restoration of the cardiac structure and function (6,7,32). MSCs sources, it is well documented that bone marrow contains cells usually called bone marrow mesenchymal A critical point for the clinical success of stem cell-220 ASSIS ET AL.
based therapy for myocardial repair is an efficient tional 30 min at 4°C. Alexa 488-conjugated isotypeidentical IgG served as negative control. Finally, the method for cell delivery. Previous studies have demonstrated that BM-MSCs intracoronarily, intravenously, cells were fixed in 10% formalin and analyzed using a FACScan (BD Immunocytometry System, USA). For and directly injected into the infarcted heart promote tissue regeneration (10, 33) . Intravenous injection of BM-each sample, 20,000 events were acquired and analyzed using the CELL QUEST software. Cell surface marker MSCs constitutes an attractive noninvasive strategy because it allows repeated administration of large numbers expression was determined by comparison with isotype control on a histogram plot and data analysis was per-of cells. Therefore, it has been reported that systemically delivered BM-MSCs is a feasible strategy to reverse, at formed using WinMid 2.8 analysis software. least partially, the damage induced by MI (17, 29, 34) .
Alkaline Phosphatase Activity However, data regarding the BM-MSCs kinetic and body distribution during the first hour after intravenous Alkaline phosphatase activity was evaluated by the NBT-BCIP assay (GIBCO, Invitrogen Cell Culture, injection are still missing. Thus, the purpose of the current study was to evaluate the time course of homing USA), according to Machado et al. (20) . The cells (2 × 10 5 cells/well) were seeded in 24-well plates and the and the body distribution of systemically delivered BM-MSCs after MI in rats.
BCIP-NBT solution (210 µl), prepared according to the manufacturer's instructions, was added to each well MATERIALS AND METHODS after completely removal of the culture medium from Animals the BM-MSCs cultures. Two hours after incubation at 37°C in a humidified 5% CO 2 , the cells were observed Female Wistar rats weighting 200-250 g (n = 4-8)
by optical microscopy and the presence of insoluble purwere obtained from the animal facility at the Federal ple precipitates were evaluated. University of Minas Gerais (CEBIO, Brazil). The animals were housed in a climate-controlled environment Cellular Viability Assay under a 12-h light/dark cycle with free access to rat
The viability of the cells was evaluated by the 3-(4,5chow and water. All experimental protocols were perdimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide formed in accordance with the guidelines for the hu-(MTT) assay (4,13,15,23). The cells (2 × 10 5 cells/well) mane use of laboratory animals established at our Instiwere seeded in 24-well plates. Briefly, 170 µl of MTT tution (Protocol #152/2006).
(5 mg/ml; Sigma-Aldrich, USA) were added to each BM-MSCs Isolation and Culture well and incubated in a humidified 5% CO 2 atmosphere at 37°C. Two hours later, the cell morphology and pres-BM-MSCs were obtained from 4-week-old rats. Bone ence of formazan salts were visualized in an inverted marrow was flushed out from tibias and femurs using optical microscope. DMEM medium and centrifuged at 1,400 rpm for 10 min. The cells were resuspended in DMEM supple-Myocardial Infarction Procedures mented with 10% fetal bovine serum and plated in T75 MI was performed according to Ferreira et al. (12) . tissue culture flasks (Techno Plastic Products, Switzer-Under anesthesia with 10% ketamine/2% xylazine (4:3, land). The cultures were kept in a humidified atmo-0.1 ml/100 g, IP), the rats were placed in the supine sphere with 5% CO 2 at 37°C for 3 days before the first position on a surgical table, tracheotomized, intubated, medium change. The mesenchymal population was isoand ventilated with room air using a respirator for small lated based on their ability to adhere on the culture plate.
rodents. Subdermal electrodes were placed to allow the At 90% confluence, the cells were detached with 0.25% electrocardiogram (ECG) recordings. The chest was trypsin-EDTA (Sigma-Aldrich, USA) and replated in opened by a left thoracotomy at the fourth or fifth interother flasks at 1:3 ratios. Third passage BM-MSCs were costal space. To expose the heart, a small-sized retractor used in all experiments (24, 26) . was used to maintain the ribs separated. After incision Phenotypical Characterization of BM-MSCs of the pericardium, the heart was quickly removed from the thoracic cavity and turned left to allow access to the The adherent cells were detached with 0.25% trypsin/ EDTA, centrifuged for 5 min at 1,200 × g, and resus-proximal left anterior descending (LAD) coronary artery. A 4-0 silk suture was snared around the LAD coro-pended in PBS. Aliquots containing 5 × 10 5 cells were incubated with monoclonal primary antibodies specific nary artery and tightly ligated to occlude the vessel. The heart was then placed back and the chest was closed for CD45, CD73, CD54, and CD90 (BD Pharmingen, USA) for 30 min at 4°C. The cells were washed and with 4-0 silk sutures. Sham-operated rats were treated in the same manner, but the coronary artery was not li-incubated with the secondary antibody, IgG anti-mouse Alexa 488-conjugated (Invitrogen, USA), for an addi-gated. After surgical procedures, ECG tracings were ob-tained in order to confirm the myocardial ischemia. determine the percentage of the infused cells in each organ, the uptake was calculated as a percentage of the Seven days after the surgery, MI was confirmed by Masson's trichrome staining and by nuclear imaging using total counting obtained in all organs analyzed. 99m Tc-SESTAMIBI (Cardiolite, Bristol-Myers Squibb Biodistribution Studies Medical Imaging, Inc., USA).
Because the radioactivity from heart and lungs could Cell Labeling and Injection overlap due to the close localization of these two organs, an additional group of rats was killed 60 min after cell The BM-MSCs were labeled with technetium-99m injection and heart, lungs, kidneys, spleen, and bladder ( 99m Tc) by incubation with 99m Tc-d,l-hexamethylpropywere collected. The individual radioactivity from each orlene amine oxime (HMPAO) (Ceretec; Amersham gan was counted using a gamma counter with NaI (TI) Healthcare, USA) (18,22). 99m Tc-HMPAO complex (370 crystal (ANSR, Abbot, Chicago, USA) and the results MBq) diluted in saline (5 ml) was slowly added to the were normalized by the organ weights. The uptake per-BM-MSCs suspension and incubated for 15 min at centage to each organ was calculated by the following for-37°C. After labeling, the radiochemical purity of the mula (cpm: counts per minute): % uptake = [cpm/organ 99m Tc-HMPAO was determined by partition between weight (g) × 100]/[sum of cpm/weight of all organs (g)]. 0.9% saline and chloroform (3). A cell suspension with approximately 5 × 10 6 cells containing 37 MBq was Histological Analysis used for each experiment.
Seven days after DAPI-labeled BM-MSCs infusion Because 99m Tc has a short half-life (approximately 6 (n = 3), the rats were killed, and their hearts were exh), cell migration and location were also evaluated using cised and washed with 100 ml of saline through the 4′,6-diamidino-2-phenylindole (DAPI)-labeled cells 7 aorta artery. For fixation, the hearts were perfusion fixed days after transplantation. In brief, sterile DAPI stock with PBS and dimethyl sulfoxide (DMSO). At the end solution (Sigma-Aldrich, USA) was added to the culture of perfusion, the hearts were kept in 80% methanol/20% medium at the day of transplantation at a final concen-DMSO fixative for 6 days at −80°C followed by 24 h at tration of 50 µg/ml for 2 h. After incorporation of the −20°C. The tissues were dehydrated by sequential DAPI into the nuclei, cells were rinsed six times in PBS washes with 100% ethanol and xylene and then imbedto remove unbounded DAPI, detached with 0.25% trypded in paraffin. Transversal sections (6 µm) were cut sin-EDTA, and resuspended in saline for cell transplanstarting from the base area of the heart at intervals of 40 tation. Using this protocol, the level of expression of µm. Sections were mounted on slides and DAPI-labeled DAPI in the MSCs is approximately 100% (25). cells were directly observed under confocal microscopy. For cell injection, the rats were anesthetized with 10% ketamine/2% xylazine (4:3, 0.1 ml/100 g, IP) and
Statistical Analysis 99m Tc-HMPAO or DAPI-labeled BM-MSCs (5 × 10 6 ) All data are expressed as mean ± SEM. Statistical suspended in 100 µl of saline were injected through the analysis was performed using two-way ANOVA foltail vein 7 days after MI. The 99m Tc-HMPAO-injected lowed by the Bonferroni test or Student t-test (Prism 4.0 animals were divided into three groups: control (no sur-Graphpad software, Inc.). Statistical significance was acgery plus BM-MSCs), MI plus BM-MSCs, and sham MI cepted at p < 0.05 and a power of the test ≥ 80%. plus BM-MSCs. Because no significant differences were observed between control and sham-operated animals, RESULTS these two groups were combined. Considering that it is BM-MSCs Characterization impossible to inject the whole radioactive content of the syringe used to inoculate the cells, the emission of radio-
The ability of the BM-MSCs to adhere on culture flasks is one of their characteristics utilized to identify activity from the syringe was measured before and after the injection in order to normalize the gamma camera these cells. In this study we used this property to isolate them from other bone marrow cells such as hematopoi-results.
etic and fibroblastic cells, which constitute the majority Scintigraphic Imaging and Counting of cells in the bone marrow. Nonadherent cells were easily removed from cultures with subsequent medium Scintigraphic images were obtained by gamma camera equipped with a low-energy collimator (Nuclide TH changes. Four days after collection and culture of bone marrow cells, BM-MSCs were adhered on the flasks, 22, Mediso, Hungary) at 5, 15, 30, and 60 min after the 99m Tc-HMPAO-labeled BM-MSC injection. Five-minute forming small colonies with fibroblast-shaped morphology. After 2 weeks, the adherent cells reached approxi-static planar images were acquired using a 256 × 256pixel matrix. The scintigrams were analyzed in the re-mately 90% confluence and they were reseeded for the first time. The fibroblast-like morphology was main-gions of interest (ROI) to specific organs. In order to tained after all cell passages and throughout the experi-of infarcted rats. The number of BM-MSCs in organs of control rats did not change significantly after 60 min of mental period.
After the third passage, BM-MSCs were phenotypi-injection ( Fig. 4) . As observed in Figure 5 , MI procedure increased the uptake of radiolabeled cells in the cally characterized by flow cytometry using panels of antibodies. Because 97% of the cells did not express heart during the period of observation (average: 4.5 ± 0.3 vs. 6.0 ± 0.8% uptake in infarcted hearts, p < 0.05). CD45 and 86%, 94%, and 95% of the cells expressed CD90, CD73, and CD54, respectively, we characterized This effect was apparently specific to the injured tissue because no significant changes were observed in other these cells as CD90 + , CD73 + , CD54 + , and CD45 − (Fig.  1A) . In addition, the activity of alkaline phosphatase in organs.
BM-MSCs was evaluated by NBT-BCIP assay and the
Biodistribution of BM-MSCs presence of insoluble purple precipitates is shown in Figure 1B , indicating that the cells were activated and It is pertinent to suppose that, during the imaging procedure, the radioactivity from heart and lungs could excluding any contamination with fibroblasts. Finally, the cellular viability was assessed by the MTT assay.
overlap due to the close localization of these two organs. Thus, we used an additional group of rats to analyze the The formation of formazan salts in the cell cultures, as observed in Figure 1C , indicates that the cells are viable. specific radioactivity of isolated hearts and lungs after 60 min of BM-MSCs infusion. In keeping with the Together these findings show that more than 90% of the isolated cells correspond to activated and viable BM-whole body imaging findings, the biodistribution results showed that the radioactivity from infarcted hearts was MSCs. The labeling yield of the BM-MSCs with the lipophilic complex ( 99m Tc-HMPAO) was approximately 23-fold higher than control hearts. In addition, only a discrete increase in the radioactivity from lungs (1.3-of 60%.
fold) was observed.
Myocardial Infarction
Finally, after 7 days of DAPI-labeled cell injection, the cells were still detected in the heart and restricted to MI was confirmed immediately after surgical procedures by ECG. Also, 7 days after surgeries, MI was con-the infarcted areas (Fig. 6) . firmed by Masson's trichrome staining and by myocar-DISCUSSION dial perfusion scintigraphic imaging. ECG tracings from infarcted rats showed an elevation of the ST segment
In the current study, using a radioactive tracing technique, we evaluated the time course of homing and the and an increase in the R wave amplitude ( Fig. 2A) . Scintigraphic imaging showed hypocaptation of the tracer body distribution of systemically delivered BM-MSCs 7 days after MI. The most significant findings of this which suggested the presence of a perfusion deficit localized in the territory supplied by the LAD coronary study are that at the minimal time point analyzed (i.e., 5 min after cell injection) BM-MSCs were detected in var-artery (Fig. 2B ). In addition, the presence of infarcted area was visualized by Masson's trichrome staining ious organs and the amount of cells in infarcted hearts was significantly higher compared with sham-operated (Fig. 2C) . These observations are consistent with the MI model generated by the LAD coronary artery ligation. rats (p < 0.05 and power of the test = 95.8%). However, at 60 min of injection, the amount of BM-MSCs in in-Scintigraphic Imaging and Counting farcted hearts returned to the control levels. In addition, independently of the cardiac injury, the majority of the Scintigraphic images obtained 5 min after injection of 99m Tc-HMPAO-labeled BM-MSCs showed radioactivity inoculated cells were localized in the lungs, suggesting that cell entrapment in this organ is a limiting factor for uptake in various tissues (Fig. 3A) . The cells migrated mainly to the lungs (approximately 70%) and, in small cell delivery using the intravenous route. The quantification of cell lodging is a prerequisite for amounts, to the heart, kidneys, bladder, and spleen in control and MI rats (Fig. 3B) . At the first time point any analysis of homing mechanism, especially in vivo. Leukocyte 99m Tc-HMPAO labeling is a widely used analyzed (5 min), the number of cells that migrated to the heart of infarcted rats was significantly higher when technique for detection of inflammation and infection focus (22) . Only recently it has been achieving an im-compared with sham-operated animals (p < 0.05 and power of the test = 95.8%). Furthermore, the amount of portant role in stem cell labeling, allowing the evaluation of their behavior in vivo for as long as 18-24 h 99m Tc-BM-MSCs in the heart and in the right lung decreased at 60 min of injection in infarcted animals after injection. BM-MSCs can be labeled using 99m Tc-HMPAO without affecting their viability and preserving (heart: 8.2 ± 0.7% uptake at 5 min vs. 4.5 ± 1.2% uptake at 60 min after cell injection, p < 0.05 and power of the their ability of adhesion and proliferation in in vitro cultures (21, 35) . In the present study we have successfully test = 80.3%) (Fig. 4) . In contrast, it was observed a markedly increase in the radioactivity from the bladder used this technique to monitor the body distribution of systemically delivered BM-MSCs labeled with 99m Tc-CD54 + but CD45 − (6,8,11). Thus, in addition to their fibroblast-shaped morphology, it was possible to con-HMPAO in a model of MI in rats.
We employed a simple technique based on the ability clude that the cell population used in our study was an enriched culture of BM-MSCs. Furthermore, the acti-of the BM-MSCs to adhere to the culture flasks to isolate them from other bone marrow cells. The BM-MSCs vated state of the cells as well as their viability was confirmed by the alkaline phosphatase and the MTT assays, identity was confirmed by flow cytometry analysis, which showed that these cells are CD90 + , CD73 + , and respectively. The number of cells that migrated to infarcted hearts cant changes were observed in other organs such as lungs, kidneys, and spleen. These observations were was significantly higher after 5 min of cell injection, as well as during the period of observation (60 min) when confirmed by the analysis of isolated organs excised 60 min after injection. In keeping with previous findings, compared with sham-operated rats. This effect was apparently specific to the injured tissue because no signifi-our results indicate that the local microenvironment is important to guide the homing process because it might BM-MSCs is crucial to enhance the therapeutic potential of these cells in tissue repair. express specific receptors and/or chemoattractant factors that facilitate the trafficking, adhesion, and infiltration ACKNOWLEDGMENTS: The authors thank the Ecograf of BM-MSCs in the injury site (6,9).
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